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The effect of a transparent ITO current spreading layer on electrical and light output
properties of blue InGaN/GaN light emitting diodes (LEDs) is discussed. When finite con-
ductivity of ITO is taken into account, unlike in previous models, the topology of LED die
and contacts are shown to significantly affect current spreading and light output charac-
teristics in top emitting devices. We propose an approach for calculating the current
transfer length describing current spreading. We show that an inter-digitated electrode
configuration with distance between the contact pad and the edge of p-n junction equal to
transfer length in the current spreading ITO layer allows one to increase the optical area of
LED chip, as compared to the physical area of the die, light output power, and therefore,
the LED efficiency for a given current density. A detailed study of unpassivated LEDs also
shows that current transfer lengths longer than the distance between the contact pad and
the edge of p-n junction leads to increasing surface leakage that can only be remedied with
proper passivation.
© 2017 Elsevier Ltd. All rights reserved.1. Introduction
Light emitting diodes (LEDs) based on InGaN/GaN semiconductor heterostructures have become the key components of
solid-state lighting. Standard InGaN/GaN LED dies consist of multiple InGaN quantum well active regions sandwiched be-
tween highly doped n- and p-type gallium nitride [1]. Due to limited availability of bulk GaN substrates [2], vast majority of
InGaN LEDs are grown on foreign substrates such as sapphire, which require extra efforts to reduce lattice mismatch induced
defects that can cause nonradiative recombination and leakage currents. In addition, the use of nonconductive substrates,
unless they are removed, dictates planar contact configuration which seriously impacts the current distribution due to low
electrical conductivity of p-GaN [3,4]. Consequently, proper device designs and contact geometries must be considered to
achieve effective current spreading.remet).
V. Sheremet et al. / Superlattices and Microstructures 111 (2017) 1177e11941178Despite significant progress in InGaN/GaN LED processing, poor current spreading caused largely by low carrier mobility
(10 cm2/V s [3]), low electrical activation of acceptors (typically <1018 cm3) [4], and the resulting high resistivity of p-GaN
layers (~1 U$ cm [4]) is a major challenge. Use of nontransparent contacts on p-GaN mitigates somewhat, but does not
eliminate current crowding which causes preferential light generation mostly close to the contact pads. Using flip-chip
configuration that facilitates light emission from the backside of LED wafer is one of the ways to solve this problem. When
the flip-chip approach is not feasible, use of a current spreading layer on the top of p-GaN layer aids in spreading the current
more effectively. Transparent conductive oxides, such as indium tin oxide (ITO), are used as current spreading layers (CSLs)
[1], due to their high transparency in the visible range and high conductivity [5,6].
Current spreading in LED dies has been studied theoretically by Guo and Shubert [7,8] and Thomson [9]. The proposed
models allow estimation of current spreading in LEDs by calculating a current spreading length for current flow through the
full stack of LED layers. This is a characteristic length defined as the distance from the edge of the contact to a position where
the current decreases to 1/e of its maximum at the edge of the contact. According to the proposed models, current spreading
length depends on the n-type and p-type layer resistivities and their thicknesses [7,8] as well as the current density [9]. As
regards to InGaN LEDs, one drawback of these models is that contacts to p-type semiconductor layers are considered as
equipotential surfaces and their resistivities are neglected [7e9]. However, ITO used for ohmic contacts to p-GaN layers can
have a resistivity that is much larger than that of a typical metal. Hence, finite resistivity of ITO (~104U$ cm2) should be taken
into account in the calculation of current spreading length [5].
Influence of the current spreading layer on the properties of InGaN/GaN based LED structures has also been explored by
Kim et al. [10e14]. In these works, LED efficiency has been found to depend on the die size as well as the resistivity of the p-
type GaN contact layer. It has also been proposed that, in order to avoid current crowding, it is necessary to fabricate LEDs
with n-GaN and current spreading layers of equally resistivities [10e14]. In the light of this work, on limited current spreading
in InGaN/GaN based LEDs, several avenues were explored to improve current spreading and efficient use of die area. They
include interdigitated configuration contacts on LED dies [15e17] with current blocking layer under contact pads [15,16] and
with various transparent conductive layers [17].
However, all these reports [12e23], used the models of Guo and Shubert [12,18,19] and Thomson [13e17,20e23], and
therefore, did not take into account the limited conductivity of the ITO layer and the optical area of the LED die. To
accurately calculate current densities, the active area of the die should be determined by taking into consideration the
current transfer length in current spreading layer. We propose a model which uses a transfer length as a characteristic
parameter for current spreading efficiency for structures involving current spreading layers. This parameter defines the
optical area of the die that can contribute for light generation. Increasing the physical area of LED chip without taking into
account the effects of current spreading on the die design would not necessarily improve the LED performance. Using LED
die size as a parameter, we studied the current-voltage (IeV) and current-power (IeP) characteristics of blue LEDs and
correlated them with the associated transfer lengths. In order to further understand the role of transfer length in current
spreading, we used unpassivated interdigitated LED structures to study the relationship between the transfer length and
leakage current (non radiative). We find that a proper design that takes into account the transfer length and passivation
results in enhanced output light power.2. Experimental
InGaN/GaN MQW based LED structures grown by metalorganic chemical vapor deposition (MOCVD) technique on sap-
phire substrates were used in this work. Epitaxial structures consist of 10-mm thick undoped GaN buffer layers, followed by 4-
mm thick n-GaN (3  1018 cm3), 60-nm In0.01GaN serving to reduce the probability of strain relaxation in the active region, 7
step graded InxGa1-xN electron injector (x¼ 0.04 to 0.1 with 3 nm thickness for each step), 6 2 nm In0.12GaN quantumwells
separated by 3-nm thick In0.06GaN barriers, and 100-nm p-GaN (4  1017 cm3). The step graded electron injector is included
in the structure to help cool the electrons [24,25] and mitigate the electron overflow. Two LED designs were employed in this
study. First onewith squaremesas of 300 300 mm2 (small), 600 600 mm2 (middle) and 1000 1000 mm2 (large) in size and
second one with interdigitated electrode patterns of 360  360 mm2 (small), 660  660 mm2 (middle) and 1060  1060 mm2
(large) in size. Mesas were formed by inductively coupled plasma (ICP) etching (BCl3:Cl2). Ohmic contacts to n-GaN were
formed using a Ti(30 nm)/Al(50 nm)/TiB2(50 nm)/Au(70 nm) stack which underwent rapid thermal annealing (RTA) in N2 at
T ¼ 800 C for 30 s. Serving as current spreading layer and ohmic contact to p-GaN, ITO(130 nm) or Ni(5 nm)/Au(5 nm)/
ITO(120 nm) were used with Ni(30 nm)/Au(50 nm) contact pads. ITO was deposited by RF sputtering in Ar ambient. Selected
LED structures were passivated with 250-nm thick SiO2. SiO2 was grown by the plasma enhanced chemical vapor deposition
(PECVD) technique immediately after ICP mesa-etching. Lithography and subsequent etching in a buffered oxide etchant was
used to open windows in SiO2.
Electrical properties of fabricated LED dies were measured using a Keithley 2430 source and measurement unit and a HP
4142B parameter analyzer. Optical properties were studied by Instrument Systems spectrometer CAS 140CT. Ohmic contact
resistivities were determined by using transmission line method (TLM) with linear and circular contact pad geometries [26].
For linear TLM measurements, 75  450 mm2 contact pads were used with separations of 20, 40, 60, 80, 100, and 150 mm. For
Fig. 1. Structure of fabricated InGaN/GaN LEDs (a) and schematic of current distribution in the CSL (b).
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V. Sheremet et al. / Superlattices and Microstructures 111 (2017) 1177e11941180circular TLM measurements inner contact pads had diameters of 50, 80, 100, and 150 mmwith constant ratio between outer
and inner contact diameters equal to 2 [26,27].3. Transfer length calculation
The fabricated LED die structure and lateral current flow paths are shown in Fig. 1. For evaluation of current spreading
efficiency in CSL, we use the transfer length that was proposed in papers [26,28,29] which was then used for evaluating
current spreading in LED structures in Ref. [30].
Current transfer length in CSL can be defined as the distance from the contact pad edge to the point in CSL where the








where rc - contact resistivity to the p-GaN layer, rcsl - current spreading layer resistivity and t - thickness of current spreading
layer.
Current distribution in current spreading layer can be described using the proposed characteristic length via the equation:






where, I0 - current through metallic contact pad and x - distance from the edge of contact pad.
To reiterate, we tested two different types of ohmic contacts to p-GaN cap layer of the LED structures. For the first type,
ohmic contact was fabricated by sputtering 130 nm of ITO directly on p-GaN. Such an ohmic contact is typically characterized
by its specific contact resistivity of ~101 U cm2 after an RTA treatment [31]. After RTA in O2 at 700 C for 1 min, we achieved a
contact resistivity of rc ¼ 8$102 U$ cm2. Contacts of the second type were fabricated as follows: a Ni (5 nm)/Au (5 nm) stack
was first deposited followed by RTA under O2 atmosphere at 500 C for 5 min, followed by ITO deposition. The resulting
contact resistivity was rc ¼ 5$103 U$ cm2. In both cases, the ITO layer resistivity was rcsl ¼ 5$104 U$ cm, consistent with
reported values [5].
Results of transfer length calculations for resistivities and thicknesses used in this work for the current spreading layer are
shown in Fig. 2. Fig. 2a represents the transfer length as a function of rc/rcsl. The measured values for rc/rcsl for two different
types of ohmic contacts, with and without the Ni (5 nm)/Au (5 nm) stack, provide transfer lengths of 114 and 456 mm,
respectively. The dependence of the transfer length on the thickness of the current spreading layer is plotted in Fig. 2b for both
contact types. Current transfer length has a square root dependence on thickness of CSL, and thus increasing the CSL thickness
does not increase Lt noticeably but can indeed decrease the transparency of CSL and hence, the overall light output. Therefore,
an increase in the current transfer length can be achieved through either increase in the specific contact resistivity or decrease
in the resistivity of CSL. Increasing of the contact resistivity leads to an increase in the LED series resistance (Rs) and thus
degrades efficiency. The resistivity of CSL is limited by ITOmaterial characteristics. Finally, if the size of the die is made smaller
than Lt to combat the poor current spreading, the series resistance increases.4. Results and discussion
In this work, LED dies of square configuration (Type 1) and of interdigitated configuration (Type 2) were fabricated. Type
1a and 2a have just ITO (130 nm) as CSL and ohmic contact to p-GaN. Type 1b and 2b use Ni(5 nm)/Au (5 nm)/ITO(120 nm) as
CSL and ohmic contact. Results of contact resistivity measurements and calculated transfer lengths for dies with different
ohmic contacts to p-GaN are presented in Table 1.
An optical microscope image of a typical LED diewith square shape is presented in Fig. 3a. LED dies of Type 1a and 1b show
the same emission wavelength with peak wavelength at 423 nm (Fig. 3b).
Fig. 4 shows representative IeV curves measured in the CW mode for LED dies of Type 1a and Type 1b. Series resistances
for dies of Type 1a with sizes of 300  300 mm2, 600  600 mm2, and 1000  1000 mm2 are 14.4 U, 12.3 U and 16.0 U,
respectively (Table 2). One can note that, increasing the LED die area does not decrease the series resistance, as could be
expected. Similar results are observed for the Type 1b LEDs. Series resistances for small, middle, and large mesas of Type 1b
are 14.2 U, 14.5 U and 14.2 U, respectively (Table 2). These results suggest that series resistance is determined by current
spreading rather than the mesa size. As a result, effective optical area of LED die is smaller than its physical area and is nearly
the same for dies with different sizes because of poor current spreading. Dispersion in the active optical area between Type 1a
and Type 1b LEDs is determined by the difference in contact resistivity that in turn causes different transfer lengths in the
current spreading layer.
Fig. 2. Transfer length dependence on (a) the ratio between specific contact resistivity of p-type contact and resistivity of current spreading layer and (b) on the
thickness of the CSL.
V. Sheremet et al. / Superlattices and Microstructures 111 (2017) 1177e1194 1181It is well known that defects and surface states at the side walls of mesas in GaN based epitaxial structures can lead to
leakage currents that can be revealed in the IeV curves [1]. Non-zero current under reverse bias is an evidence of leakage.
Under forward bias, leakage causes current flow below the expected turn-on voltage and is called the shunt current [1]. One
can see in Fig. 4 that some of the diodes exhibit a small but non-negligible current flow at voltages smaller than the turn-on
voltage, Vt. LEDs with leakage can be modeled by a parallel non-radiative current path that shunts the LED under test [1]. The
corresponding equivalent circuit of the device is shown in the inset of Fig. 4, where Rs1 is actual series resistance of the diode
and Rp is the parallel (shunt) resistance. Dynamic Rp can be calculated through the slope of the IeV curve in the region with
V< Vt. Table 2 summarizing electrical properties associatedwith square-mesas LEDs indicates that in the Type 1a samples, the
maximum Rp value is lower than that in the Type 1b devices. This is due to the larger effective area of Type 1a LEDs because of
their larger CSL transfer length. As a result, larger numbers of defects are involved in the current flow process, leading to a
larger shunting current. The coefficient a¼ Is/I in Table 2 refers to the ratio of the current injected into of the active region of a
given LED to the total current that flows through the LED die that also includes the current which bypasses the quantumwells
and does not partake in light generation.
In the case of Type 1a LEDs with larger transfer lengths, as depicted in Fig. 5, the radiant intensity varies by a factor of 3 for
the same current density among the devices with the same physical area. The devices with better current spreading in LED die
lead to higher light emission intensity. If LED die dimensions were smaller than transfer length, current crowding and further
increasing of LED series resistance would be observed.
Fig. 2. (continued).
Table 1
Transfer lengths of LED dies with different ohmic contacts to p-GaN.
Die shapes Ohmic contact to p-GaN rc (U$ cm2) Lt (mm)
Square Interdigitated
Type 1a Type 2a ITO (130 nm) 8$102 456
Type 1b Type 2b Ni(5 nm)/Au (5 nm)/ITO (120 nm) 5$103 114
V. Sheremet et al. / Superlattices and Microstructures 111 (2017) 1177e11941182One can evaluate the efficiency of LED chip using specific quantum efficiency that can be defined as the ratio of emitted









where P is the emitted optical power, I is the injected current, A is the area of LED die, q is the charge of electron, h is the Planck
constant and n is the frequency of emitted light. The emitted power is, then:
P ¼ hhn I
q
A (4)
One can see that the emitted optical power from LED is proportional to the injected current, the specific quantum efficiency of
LED, and the area of LED die. To achieve the same optical power output would require the same optical area and current
Fig. 3. (a) Light microscope image of LED die Type 1 and (b) its electroluminescence spectrum.
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fabricated on the same wafer to obtain the same power according to this equation. Namely, the ratio of currents should be
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contact pad, A1 and A2 are the areas of current spreading about the contact pads of respective die that is determined by
transfer length in current spreading layer, a1, a2 e are coefficients that allow to take that into account part of current
bypassing the radiative processes because of shunting current.
The optical power that is emitted by the LED die is proportional to measured radiant intensity of LEDs. Let us compare the
current density that is injected into the LED structures and allows to emit light with the same radiant intensity from Type 1a
and Type 1b LED dies (Fig. 5). For small-size LED dies, the ratio between the currents that is equal to ratio between the
calculated current densities (Fig. 5) for the Type 1a and the Type 1b die is equal to ~2.6. Assuming metal resistivity is equal to
zero for the contact pads and taking into account the transfer length in the ITO layer, we can determine the ratio between the
active optical area of LED chips with ITO and Ni/Au/ITO p-type contacts (Fig. 3a). The total area of the contact pad A0 for small
dies of Type 1 is equal to 1.4$104 cm2. Areas that are determined by transfer length are A1 ¼ 11.1$104 cm2 and
A2 ¼ 4.28$104 cm2 for LED dies of Type 1a and Type 1b, respectively. The ratio between the active areas of small LED dies is
equal to 2.8.
We proceeded with the same calculation for the other die sizes as well. The results are summarized in Table 3 for all three
die sizes. In the case of medium size dies, the ratio between current densities is ~2.4. The calculated ratio between active area
of Type 1a LED die and Type 1b is equal to 2.3 in this case. For the large size dies, the ratio between current densities is equal to
Fig. 4. I-V dependence of LEDs with ITO and Ni/Au/ITO ohmic contacts to p-GaN. The inset shows the device equivalent circuit.
V. Sheremet et al. / Superlattices and Microstructures 111 (2017) 1177e1194 1185~1.5. The ratio between the active optical areas of these LEDs is equal to 2.6, however, with taking into account the shunt
current, the ratio is found to be 1.8. The main contribution to the discrepancy between the ratios of active optical areas and
current densities for the large LEDs is the shunting current that comprises ~29% of the total current in the LEDwith ITO ohmic
contacts to p-GaN. One should keep in mind that, in reality, the resistance of metal contact pads is not zero, and the
calculation presented above allows only the determination of the ratio between active areas but does not make it possible to
draw a conclusion about the actual values of active areas.
Our results show that, for InGaN/GaN LED dies of the conventional square shape and given size, the same series resistance
can be observed even with ohmic contacts with different resistivities to p-GaN. However, to achieve the same optical power
emitted from LED dies of Type 1a and Type 1b, the injection current has to be different. The ratio of these currents is equal to
the ratio between the active optical areas of LED dies. These active optical areas can be determined by the transfer length in
CSL that depends on the ratio between the ohmic contact resistivity and resistivity of CSL.
To overcome current spreading limitations and use the area of LEDsmore effectively, we use an LED die with interdigitated
electrode configuration of similar size with the previous LED to improve light emission. In this vein, LED dies with ITO
(130 nm)/p-GaN (Type 2a) and ITO(120 nm)/Au(5 nm)/Ni(5 nm)/p-GaN (Type 2b) ohmic contacts were fabricated. The dis-
tance from the contact pad edge to the edge of p-n junction is 50 mm (Type 2) (Fig. 6a). Consequently, the active area is the
same as the real area because the transfer length for current spreading layers with ITO and Ni/Au/ITO as ohmic contacts to p-
GaN layer is larger than this characteristic distance (Table 1). LEDs of Type 2a and Type 2b were characterized by the same
spectra. Representative LED spectrum of these LEDs is shown in Fig. 6b.
Analysis of IeV characteristics shows that series resistance decreases with increasing LED die area, thus indicating that
effective areas of dies depend on the physical area of the dies (Fig. 7). Series resistances of Type 2a samples are equal to 35 U,
17.9 U, and 15.8 U for 360  360 mm2, 660  660 mm2, and 1060  1060 mm2 dies, respectively. Series resistances of Type 2b
samples are 36.4 U, 20.1 U and 19.3 U for the corresponding die sizes (Table 4).
Table 2
Electrical properties of LEDs of Type 1.
Die size (mm2) Type 1a (ITO/p-GaN) Type 1b (ITO/Au/Ni/p-GaN)
Ileak (mA) Rs (U) Rp (U) a (%) Ileak (mA) Rs (U) Rp (U) a (%)
300  300 4.4$102 14.4 1963 99.3 1.9$102 14.2 51210 99.9
600  600 1.8$102 12.3 147 91.6 2.7$102 14.5 126 88.5
1000  1000 1.8$103 16.0 56 71.2 8.6$102 14.2 2297 99.4
Fig. 5. Radiant intensity dependence on current density of LEDs of Type 1a and Type 1b in the CW mode.
V. Sheremet et al. / Superlattices and Microstructures 111 (2017) 1177e11941186In the LED die of Type 2 configuration with interdigitated electrode patterns, the series resistance is higher than that of
Type 1 LEDs, especially for the small die structures. This can be caused by smaller areas of contact to n-GaN and contact pad to
CSL in Type 2 LEDs than in Type 1 LEDs. This difference exceeds a factor of two for contacts to n-GaN for small LED dies
(1.4$104 cm2 for Type 1 and 0.64$104 for Type 2). The areas of contact pads to CSL in small dies are 1.4$104 cm2 andTable 3
Ratios of active areas and currents at constant radiant intensities of LED dies of Type1a and Type 1b.
Die size (mm2) A0$104 (cm2) A1$104 (cm2) A2$104 (cm2) D1 D2
300  300 1.4 11.1 4.28 2.6 2.8
600  600 4.5 25.9 9.6 2.4 2.3
1000  1000 6.9 58.9 18.7 1.5 1.8
Fig. 6. Light microscope image of Type 2 LED die with interdigitated contact pattern (a), and the LED electroluminescence spectrum (b).
V. Sheremet et al. / Superlattices and Microstructures 111 (2017) 1177e1194 11870.94$104 cm2 for Type 1 and Type 2 LEDs, respectively. For the medium LED dies, the areas are 4.4$104 cm2 and
3.8$104 cm2 for contacts to n-GaN and 4.5$104 cm2 and 2.6$104 cm2 for contact pads to CSL for Type1 and Type 2 LEDs,
respectively. The die area that can be used for light extraction from small dies increased from 62% to 81% because of a change
in contact area.
Fig. 6. (continued).
V. Sheremet et al. / Superlattices and Microstructures 111 (2017) 1177e11941188Higher series resistance in samples with lower resistivity of contacts to p-GaN is also unexpected. Resistance of contact to
p-GaN is smaller for Type 2b LED dies than that for Type 2a LED dies (Table 1); therefore, the series resistances should have the
same relationship (Table 4). Type 2a LEDs with ITO contacts are characterized by larger leakage currents that affect the I-V
characteristics. This can be understood by taking into account the transfer length for these samples. As a result of larger
contact resistivity, the transfer length of Type 2a LED is 8 times larger than the characteristic distance between the contact
pad and the edge of p-n junction. Therefore, the probability of surface leakage through mesa walls as well as sampling of
larger number of defects is much higher for Type 2a LEDs than those in the case of Type 2b LEDs. The same mechanism for
current flowmay be responsible for higher parallel current flow that manifests itself at sub-threshold voltages in forward bias
IeV characteristics. Results of parallel resistance (Rp) calculations are summarized in Table 4. One can see that parallel
resistance is much smaller for LED Type 2a indicating much higher probability of leakage current flow.
The series resistance calculated from the slope of themeasured IeV characteristics for the above-threshold region includes
the parallel resistance as well. To derive the actual series resistance of LED die, the parallel resistance should be subtracted
using the following equation:
Rs1 ¼
RpRs
Rp  Rs (6)After subtraction of the parallel resistance, the real series resistance (Rs1) of Type 2b LED dies is much lower comparedwith
Type 2a dies (Table 4) which correlates with the values of contact resistivities to p-GaN. In the case of small dies, the ratio
Fig. 7. Radiant intensity of LEDs of Type 2 with ITO and Ni/Au/ITO ohmic contacts to the p-GaN.
Table 4
Electrical parameters of LEDs of Type 2.
Die size (mm2)
Type 2a (ITO/p-GaN) Type 2b (ITO/Au/Ni/p-GaN)
Ileak (mA) Rs (U) Rp (U) Rs1 (U) a (%) Ileak (mA) Rs (U) Rp (U) Rs1 (U) a (%)
360  360 1.3 35 73.4 66.9 52.3 1.7$103 36.4 2187 37 98.3
660  660 4 17.9 37.6 34.2 52.4 2.7$102 20.1 200 22.3 90.0
1060  1060 2.9 15.8 32.9 30.4 52.0 0.1 19.3 319 20.5 94.0
V. Sheremet et al. / Superlattices and Microstructures 111 (2017) 1177e1194 1189between the series resistances of the Type 2a and the Type 2b die is close to 2. Measurements of the radiant intensity also
show that light intensity for Type 2b LEDs is 10 times higher (Fig. 8) for the same current density.
For LED dies of small size, 2.1 times higher current is required for Type 2a LED chip to produce the same radiant intensity as
that for the Type 2b chip. These ratios are 1.8 and 1.6 for the medium- and the large-size chips, respectively. The role of the
shunting current and area can be evaluated through equation (5). In this case, the effective areas will be the same so the ratio
of currents should be equal to the ratio of a coefficients.
The ratios are 1.9, 1.7 and 1.8 for the LED chips of small, medium, and large size, respectively (Table 5). The ratios are
comparable with the corresponding current ratios, which indicate that the shunt currents are mainly responsible for the
observed difference in the values of current required to produce the same emission power from the Type 2a and Type 2b LEDs.
Measured data for Type 2 LED chips show that, in the case of transfer length comparable to the distance between the
contact pad and the edge of p-n junction, passivation of mesawalls is important for eliminating the leakage currents. One can
see from Fig. 9 that Type 2b LEDs have higher radiant intensity compared to conventional square LED dies of Type 1a. For the
same current densities, the improvement is 43% for small LED dies, and it reaches up to 140% for the large dies. However, in
Fig. 8. Radiant intensity dependence on current density of Type 2 LEDs with interdigitated configuration of contacts.
Table 5
Ratios of active areas and currents constant radiant intensities of LED dies of Type 2a
and Type 2b.
Die size (mm2) I1/I2 a2/a1
360  360 2.1 1.9
660  660 1.8 1.7
1060  1060 1.6 1.8
V. Sheremet et al. / Superlattices and Microstructures 111 (2017) 1177e11941190the case of medium size die, the Type 1a LEDs produce 94% higher radiant intensity than the Type 2b ones. This can be
explained by higher leakage in LED dies of Type 2. Using passivation, one can achieve a greater improvement of radiant
intensity for the Type 2 medium size LED dies. Moreover, the passivation should improve further the efficiency for small and
large Type 2 LEDs. Moreover, we need take into account the fact that the active area is smaller than the total area of Type 1 LED
dies. Therefore, their real current density is actually much higher for the same radiant intensity as in the case of Type 2
devices. This makes the performance of Type 2 LEDs even better than it appears from an initial inspection of the radiant
intensity vs. the current density dependences.
To verify the validity of the above conclusion, we fabricated large-size Type 2b LED chips with side-wall passivation
with 250 nm thick SiO2. These LED dies exhibited a low series resistance of 12.8 U and low shunt current because their
Fig. 9. Radiant intensity vs. current density for the Type 1 and Type 2 LED dies.
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Fig. 10. I-V characteristics (a) and radiant intensity (b) vs. current density for large-size LED chips of Type 1a, 1b, 2a, 2b, and passivated Type 2b.
V. Sheremet et al. / Superlattices and Microstructures 111 (2017) 1177e11941192parallel resistance of 800 U is much higher than the series resistance. As a result these devices showed a low leakage
current of 6.1$102 mA at 1 V [Fig. 10 (a)]. This value is 1.6 times smaller than of LED 2b (0.1 mA) and 48 times smaller
than for LED 2a (2.9 mA) (Table 4). As evident from Fig. 10 (b), the radiant intensity dependence on the current density is
similar to that of the Type 2b LED but higher current densities and higher corresponding radiant intensities can be
achieved for the passivated dies. As a result, the radiant intensity is nearly 1.5 times higher for the passivated Type 2b
LEDs compared to the Type 1a devices.5. Conclusions
We have shown that the active area of InGaN/GaN LED with top p-GaN contact layer depends on the efficiency of current
spreading in the current spreading layer. Increasing the die dimensions beyond the current spreading distance does not
decrease the series resistance and does not improve LED brightness. We propose a current transfer length as a characteristic
parameter quantifying current spreading. We have shown that the transfer length in the current spreading layer affects the
efficiency of LED dies.
Unlike the previous models, we took into account the finite resistivity of the Indium Tin Oxide (ITO) current spreading
layer (CSL) and show that the optical power of light emitted from an LED chip is proportional to its effective optical area and
current that is injected to the active regions. Employment of LED dies with interdigitated electrodes, where the distance
between the contacts pad on CSL and the edge of p-n junction is equal to the CSL transfer length, allows an increase of the LED
chip effective area and makes it equal to the real area of die. As a result, the optical power emitted from an LED can be
increased without current increasing, thus improving the LED efficiency. In addition, we demonstrated that, in order to
Fig. 10. (continued).
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LED die is equal or shorter than the CSL spreading length.Acknowledgements
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